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AN INVESTIGATION OF THE EFFECT OF 
DIRECT ATER INJECTION ON DETONATION 

SUMMAKT 

The purpose of this project was to investigate the ef- 
fects of direct water injection on detonation. The following 
conclusions were reached: 

1* The addition of water at a constant fuel-air ratio 
permits the attainment of higher indicated mean effect- 
ive pressures without detonation* This effect is more 
pronounced for low fuel-air ratios than for high fuel- 
air ratios* 

2 » At a fixed water-fuel ratio, the fuel-air ratio at 
which the maximum detonation free indicated mean effect- 
ive pressure occurs increases as compression ratio 
decreases. 

3* At a constant isfe, detonation free imep increases 
with water- fuel ratio. At fuel-air ratios below ,09, 
isle increases very rapidly with increase in i*ep while 
at fuel-air ratios above .09, isle decreases -'lightly 
with imep increase. 

k* Increasing water-fuol ratio at lo» (oruiaia*) fuel- 
air ratios results in a decrease in isfc, ut at the 
expense of a prohibitive increase in isle. 

5* Fuel is considerably more effective than water as an 
anti-detonant t 1 «m (cruising) fuel-air ratios. 

6, it high (U e-of !) i • 1- ii ratios, -ater Is effect- 
ive s r i& nti~:eter .,.:ile tae use of additional 
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fuel for this purpose actually results in a decrease 
of imcpo 

7. Indicated thermal efficiency is not affected by the 
addition of water* 

<5. ater Injection permits the use of higher compres- 
sion ratios by Increasing detonation free imep to take- 
off values. This permits the designer to take advantage 
of the greatly improved fuel economy in the cruising 
range resulting from the use of high compression ratios. 
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AN INVESTIGATION OF THIS EFFECT OF 
DIRECT oATER INJECTION ON DETONATION 

INTRODUCTION 

It is an established fact that, for a fixed inlet 
pressure and temperature, inorease of compression ratio of 
an engine increases power output slightly but produces a 
decided improvement in fuel economy. Therefore, designers 
of internal combustion engines would desire to use high 
compression for the purpose of obtaining fuel economy. But 
increase of compression ratio is limited because of detona- 
tion at high powers. Thus, the attempt to improve fuel 
economy by increasing compression may render an engine un- 
suitable for use because of the reduction of power for take 
off and full load. 

The limitations of increased compression ratio on take 
off and full load are now being improved by the addition of 
water to the fuel-air mixture. During the past war, the 
method of spraying water into the inlet manifold was used 
with considerable success. According to some reports, the 
power for take-off was increased by to 30? . A second 
method of adding water to the fuel-air mixture would be by 
direct injection of water into the cylinder. Thi* second 
method has had very little investigation and no practical 
use at the present date. It is the object of tbi3 project 
to investigate the effect on detonation of direct ater in- 
jection into the cylinder. 
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r h9 project «e conducted th© blown laboratory, 

1 *«ooacimsett3 Institute of Technolofy, Cambrldce, u&ose- 
ehusetts, by Cowftr. P® F. «aibals p Jr®, ir:\% Cl: ' r. 
•ashiagton, , U & , anr? Lt. Co-adr® «T. r „ cj china, y , 
>’r. , a. Leary of tho staff was supervisor. 

F:i T I!*tlfT 

r iho test equipment included a variable-compression, 
one-cylinder oordinafciug Fuel Research ngins delivering 
powsr to a dynamometer, Fuel vaporisation we. accomplished 
by spraying fuel into a heated vaporizing tank. An injec- 
tion pump and an injection nozzle were used to spray water 
directly into the cylinder. Figs* 1, 2, 3> and 4 are photo- 
graphs of the arrangement of equipment. Fir . 5 it e block 
diagram of the installation set-up* 

The engine of this project was a standard '« riabie- 
comprossion, one-cylinder rB engine. This engine had a 
. in. bore, a 4,5 in. stroke and a 37.33 cu. ia. 4ispl*.oe- 
mant * -repression could be set at any desired compression 
ratio between 4 and 10 , This standarr C s ng-Jn- i« fully 
described in ,f, i, 

t 

The dynatj oneter ► s a 5 H7 motor-generator *et 
fset^red by the • r lectric uotor Coapvny. it i»«a ... 

a actor to turn ©*er Xi>* • nyine for et‘-rti*M e • s^oriu| f 

an* st - a •aerator to »®b*orb the po*er delivered ’ > :uai «n~ 
gine . 
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The gasoline used in this experiment was standard 80 
octane unleaded aviation gasoline* This gasoline was taken 
from the mains of the Sloan Laboratory and passed through a 
fuel rotcmeter to the fuel pump, A Bosch injection pump 
driven by a small electric motor forced the gasoline at high 
pressure through an injection nozzle into a heated vaporiz- 
ing tank* A vernier adjustment on the Bosch pump allowed 
accurate control of fuel flow* 

Air to the vaporizing tank could be taken either from 
the test room at atmospheric pressure, or from the labora- 
tory high pressure main. A Hash Hytor L-5 Compressor driven 
by a Sprague Electrical Dynamometer supplied the high pres- 
sure air* The air was metered through a calibrated orifice 
and drawn into the vaporizing tank. 

Distilled water was used for injection into the cylinder* 
This distilled water was stored in a one gallon glass jug* 
From the jug the water flowed by gravity to a constant level 
float chamber and thence through a water rotometer to the 
water pump. The *ater pump was an engine driven Bosch in- 
jection pump equipped with a vernier adjustment for close 
control of flow. The pump forced water at high pressure 
through a Bendix KC 50S1 injection nozzle (Fig, 6) into the 
cylinder at a point opposite the spark plug. 

Detonation was detected by a detonation pickup and 
oscillograph. The pickup was one of the pressure type, being 
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sensitive to the rate of change of pressure (dp/ dt). The 
oscillograph was a Dumont 208 Cathode-Hay Oscillograph, 

Other apparatus used in preparation for this experi- 
ment included balance scales, MIT Pressure-Crank Machine, 
an ^ transfer Machine which transferred pres sure- crank 
readings to pressure volume. The latter two machines are 
described in Appendix II of Hef. 2 and Appendix B of Ref. 

3> respectively. 

The water injection equipment of this experiment leaves 
' 01 c ue ^ •sired . The time of the start of injection can 
be accurately controlled. But, unfortunately, the length of 
1 injection varies with the amount of water injected* 

Detonation takes place somewhere near to the same crank angle 
for all powers and fuel-air ratios. It would be desirable to 
hare the angle of injection time remain constant no matter 
what the rate of water flow, and to so adjust the time of in- 
jection as to best suppress detonation, ith the present 
, some of the benefit is lost because the time of 
id-point of injection varies with water flow. Optimum utili- 
zation of water cannot be realized because at low and moderate 
tlo f rates, some of it may be injected too early for best 
detonation suppression, while at high flow rates, part of the 
water is injected too 1< te to be effective. 
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PRELIMINARY procedure 






It was necessary, prior to the commencement of this 
investigation, to devote considerable time and labor to 
the arrangement of the test apparatus shown in Figs. 1 
through 4* The purpose was two-fold: first, to eliminate 
or to reduce as far as possible the effects of those vari- 
ables not pertinent to this investigation; and second, to 
permit accurate control of all essential variables. 

As further preliminaries it was necessary to cali- 
brate both the fuel and water rotometors, the water injec- 
tion apparatus, and to calibrate the dynamometer mercury 
manometer in terms of indicated mean effective pressure. 

As a final preliminary to this investigation, the water in- 
jection apparatus was timed to insure start of injection at 
the desired crank angle. 

Calibration curves of the fuel and water rotometers 
made from the data of Table I appear in Fig. 7* The method 
of calibration followed in both cases consisteo essentially 
of weighing the amount of liquid which passed through the 
rotometer in a measured interval of time, during which the 
rotometer setting was maintained at a constant value. 7 he 
mass flow per second was calculated and plotted against roto- 
meter setting. 

To calibrate the dynamometer mercury manometer, indi- 
cator cards were taken using MIT Pressure Crank Angle Machine, 
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following the procedure outlined in Kef. 2, simultaneously 
with mercury manometer readings. From the indicator cards, 
indicated mean effective pressure was determined, using 
IT Transfer Machine to transfer pressure crank values to 
pressure volume values. (Ref. 3)* A plot of indicated mean 
effective pressure versus Inches of mercury made from data 
of Table II appears in Fig, 8, 

The calibration of the water injection apparatus in 
terms of water rotometer reading and duration of water spray 
In degrees of crank angle, Of, is shown in Fig. 9. 
start of the spray was set to occur at top center by means 
of an adjustable coupling on the water pump drive shaft and 
a stroboscope timed to flash at top center. Top center, it- 
self, was determined by the standard CFR Engine calibrated 
brass spark timing ring and a flashing neon light. It was 
found as shown in Fig. 9 that varying the water rotoaeter 
setting varied the duration of injection in degrees of crank 
angle, although the start of injection remained fixed at top 
center. 

In order to determine the optimum angle at which to 
start injection, the folio* ing steps were taken. The com- 
pression ratio was set t 6.6, and the fuel-air « nd water- 
fuel i*atios were set rbitrarily at .08 and .8, respectively. 
The crank angle at *hioh injection starts and the mass rate 
of air flow were then ried until, by trial and error, the 
maximum indicated mean effective pressure without detonation 
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was obtained . The optimum angle corresponding to this condi- 
tion was thus found to be 18° after top center. In all sub- 
sequent tests in which water waa utilized, injection was 
started at this point. It Is realized that this 18° setting 
probably was not the optimum angle for the entire range of 
fuel-air ratios and compression ratios* This setting was 
selected as a compromise in order to reduce the number of 
variables of the experiment* Since the conditions imposed 
during selection of this 18° angle for start of injection 
were about average, the setting is probably near optimum for 
the vast majority of the readings of this project. 



PROCEDURE 

The general plan adhered to in this investigation ap- 
pears below* The following set of operating conditions was 

adopted as standard: oil temperature 160°F, oil pressure 

o o 

35 psi., Inlet temperature 140 F, jacket temperature 212 F, 
and engine speed 1200 RPM* The compression ratio was set 
at 6*2. Test data were taken for five fuel-air ratios - 
.064 (good cruising), *07, *08 (beat power), .09 and .10. 
For each fuel-air ratio detonation limited indicated mean 
effective pressure was determined by means of a cathode-ray 
oscillograph for water- fuel ratios of from 0 to over 1*0. 
Curves of detonation limited indicated mean effective pres- 
sure at various fuel-air ratios are plotted in Fig* 10 from 
the data of Table III. 
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The procedure described above was repeated for compres- 
sion ratios of 6.6, 7*0, aad 7*4* The resulting data ob- 
tained appear in Tables IV through VI. The corresponding 
curves are drawn in Figs. 11 through 13. 

A warming up period was required as a daily preliminary 
to the making of record runs. The CFR Engine required ap- 
proximately one hour before steady operating conditions were 
obtained with respect to oil pressure and temperature, jacket 
temperature, inlet pressure, and particularly inlet tempera- 
ture. To reduce the delay involved in warming up, oil tem- 
perature could be raised by means of an electric oil heater 
in the crank case and engine jacket temperature by means of 
a steam bleed* During the warm-up and actual runs, inlet 
temperature was regulated by varying the amount of steam ad- 
mitted to the jacket surrounding the vaporizing tank. 

When steady operating conditions were obtained and with 
the compression ratio set at 6.2, a fuel-air ratio of *064 
(without water) was set by simultaneously varying the mass 
rates of flow of both air and fuel until, by trial and error, 
the desired fuel-air ratio was obtained just as incipient 
detonation occurred. In this way, the detonation limitQd in- 
dicated mean effective pressure at a zero ater-fuel ratio 
for these conditions *as obtained. The mass rat© of air flow 
was then lucre sed. At the same time, the resulting detona- 
tion was suppressed by the introduction of an excessive amount 
of water. Next, the ss rate of fuel flow was increased un- 
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til a fuel-air ratio of ,064 was again obtained* By reduc- 
ing the amount of water until a condition of incipient 

i 

detonation again existed, the detonation limited indicated 
mean effective pressure and the corresponding water-fuel 
ratio were readily determined. The compression ratio was 
held constant at 6*2, and the above procedure followed for 
fuel-air ratios of *07, «08, *09, and *10, In this manner 
the family of curves shown in Fig* 10 were determined. 

The curves of Figs* 11, 12, and 13 were determined in 
the same manner from the data of Tables IV, V, and VI. The 
compression was varied through 6*6, 7*0, and 7*4* In order 
to obtain more readily comparable results the same series of 
fuel-air ratios were used in each case. 

Additional points at a zero water-fuel rat® were ob- 
tained at a compression ratio of 7*4, Tor fuel-air ratios 
of ,075, *085, *095, and .11 In order to compare the effec- 
tiveness of water versus fuel as anti-detonants* This data 
is included in Table VX. 
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KESULTS AND DISCUSSION 

Tile effect of water- fuel ratio on indicated mean ef- 
fective pressure at compression ratios of 6*2, 6*6, 7*0, 
and 7*4 is siiown in Figs, 10, 11, 12, and 13, respectively. 

To obtain readily comparable results, the following fuel 
air ratios were used throughout: *064, *07, .08, ,09, and 

.10. In Fig. 14 are shown the relative effects of fuel and 
water as detonation suppressors. A cross plot at a con- 
stant indicated mean effective pressure of 115 p.s.i.a,, of 
compression ratio versus water-fuel ratio at various fuel- 
air ratios is shown in Fig. 15* 

It may be seen from Fig* 10 that the addition of water 
accomplished at a constant fuel-air ratio, permits the at- 
tainment of a higher indicated mean effective pressure with- 
out detonation. It may be seen further from Fig. 10 that 
the slopes of the curves became progressively shallower as 
the mixture becomes richer* This means that the effect of 
water addition is more pronounced at low fuel-air ratios. 
Similar trends arc noted for all compression ratios investi- 
gated, (Figs. 11, 12, and 13). 

At a compression ratio of 7*4 (Fig. 13) for any given 
water-fuel ratio, the maximum detonation free indicated mean 
effective pressure occurs at a fuel-air ratio of *09, As the 
compression ratio is ec eased (Figs. 12, 11, and 10) the 
maximum indicated - >,an effective pressure for a given water- 
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fuel ratio appears to occur at progressively higher fuel- 
air ratio. Thus, for a compression ratio of 6.2, the 
optimum detonation free fuel-air ratio appears to be 
slightly greater than *10. This phenomenon is considered 
to be characteristic of this 80-octane unleaded aviation 
gasoline, and would not necessarily recur for another gaso- 
line. 

Superimposed on Fig, 13 are curves of constant indi- 
cated specific fuel consumption (isfc) and indicated 
specific liquid (fuel plus water) consumption (isle). An 
examination of the figure shows that at a constant isfc, 
detonation free imep obtainable increases with water-fuel 
ratio. However, this increase of imep at a constant isfc 
is obtained at the expense of a considerable increase in 
isle, as long as the fuel-air ratio remains below *09. ?hen 
the fuel-air ratio exceeds ,09, increasing the water-fuel 
ratio at a constant isfc is accompanied by two effects: 
first, a slight increase in imep; and second, a slight de- 
crease in isle. Further, at a given water-fuel ratio and 
at a fuel-air ratio of .10 or greater, a decrease of fuel- 
air ratio results in both an increase in detonation free 
imep and a decrease in isle. Translating the above into 
practical apnlioations, although increasing ater fuel for 
a given cruise po er output results in a 1 o er isfc, the 
increase in isle in prohibitive. 
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Continuing in the same vein, Fig* 15 was plotted in 
order to compare the effects of additional water and fuel 
as detonation suppressors, both at a oruising fuel-air 
ratio and at a fuel-air ratio of *09, which was considered 
to be within the take-off range* Fuel was found to be con- 
siderably more effective than water at the low fuel-air 
ratio » The reverse was true at the high fuel-air ratio* 
Actually the use of additional fuel as a detonation sup- 
pressor at the high fuel-air ratio resulted in a decrease 
of imep, while the addition of water permits an increase in 
imep. It is evident that in order to attain high values of 
imep (in this case, 115) water must be used since these 
values cannot be attained with fuel alone. 

By classical "theory, the indicated thermal efficiency 
is a function both of compression ratio and fuel-air ratio* 
For a fixed compression ratio and fuel-air ratio, indicated 
thermal efficiency would bo constant if the addition of *ater 
had no effect. Tables III through VI show that for a given 
fuel-air ratio and compression ratio, the indicated thermal 
efficiency remains constant regardless of the water-fuel 
ratio. It is therefore concluded that indicated thermal 
efficiency is not affected by the addition of water* 

High compression ratios with thoir reeultin high ef- 
ficiencies are desirable in order to give fuel economy in 
the cruise ran* e, but t ke-off powers are limited by detona- 
tion of the fuel-air fixture. The advantage of water In- 
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4 action is that it permits use of nigh oompr- salon ratios, 
while providing sufficient po- or for take-off, The curve 
of Fig, 15 were ,r&vn to illustrate this • ffeot, If ■ n 
iriep of 115 was required for the take-off, the 

compression ratio would be limited to epproxiiaetely 6,7 in 
the absence of water, By using a water- fuel ratio of about 
1*3, the compression ratio may be increased to 7*4° ftiEce 
take-off powers would be used for only a short period, the 
high water- fuel ratio of 1*3 is not prohibitive. drill* r 
trends are apparent for the remaining fuel-air r» tioo con- 
sidered* Tima, the airplane dosigner, by using the high 
compression ratios and accepting the high water-fuel r tlos 
required for take-off, may obtain greatly improved fuel 
economy in the cruising rango. 

In conclusion It may be elated that the percent i*c: as# 
in iaep obtainable by uaing a water- fuel ratio of about 1^0 
is in the order of 15* * Thus, the ibethoc of direct wwter in- 
jection used in this investigation comp* r* 8 ffvorubl; *ith 
the rethod of adding *etor to the induction syetem. »i-d the 
mechanics of direct ^at- r inject! n used hereiw »*'« re re- 
fined, this method •*lyht h v# proven its super!* rit’* over the 
water-into-induction-sys^' - tethod. 
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CONCLUSIONS 

As a result of this investigation of the effect on 
detonation of direct water injection into the oylinder of 
an engine operating on SO octane unleaded aviation gaso- 
line, the following conclusions were reached: 

1. The addition of water at a constant fuel-air ratio 
permits the attainment of higher indicated mean effec- 
tive pressures without detonation. This effect is more 
pronounced for low fuel-air ratios than for high fuel- 
air ratios* 

2. At a fixed water- fuel ratio, and for this gasoline, 
the fuel-air ratio at which the maximum detonation free 
indicated mean effective pressure occurs increases as 
compression ratio decreases. 

3* At a constant isfc, detonation free imep increases 
with water- fuel ratio. At fuel-air ratios below *09, 
isle increases very rapidly with increase in imep while 
at fuel-air ratios above .09, isle decreases slightly 
as imep increases. 

4. Increasing water-fuel ratio at low (cruising) fuel- 
air ratios results in a decrease in isfc, but t the 
expense of a prohibitive increase in isle. 

5. Fuel is considerably more effective than water as 
an anti-detonant at low (cruising) fuel-eir ratios. 
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6* At high (take-off) fuel-air ratios, water is effective 
as aii anti-detonant, while the use of additional fuel for 
fcLis purpose actually results in a decrease of i*ey. 

7* Indicate* thermal efficiency is not affected by the ad- 
dition of water* 

8* ater injection permits the use of higher compression 
ratios by increasing detonation free imep to take-off 
values. This permits the designer to take advantage of 
the greatly improved fuel economy in the cruising range 
resulting from the use of high compression ratios* 
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Formulae for Computations 



Bore 

Stroke 



CFH Eng, in e Lata 

3.25” Piston .\rea = 8.296 in'.‘ 

4*50” Displacement Volume 37»33 in? 

rpm = 1200 (constant) 



imep s Area P-V Diagram x Spring Constant, 

5 

HIP - imep x Piston Area x X = 

33060” ~ 



psia 

.0566 x imep 



ISFC s lb. fuel/hr . * x 3600 
IhP * iSP 



IStfG - lb. vater/hr. = Mw x 3600 

IHP "IHP 



« • 

ISLC s lb. Liquid/br . = 3600 (Me + M w ) » I3FC 4- IS«C 
IHP TUP 




* IHP x 2545 

3600 X T S c 



IH? x 2545 
fif 'x 3660 x 19270 



IHP 

27256 Tj 
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•f ■ 



_ 4 



* Mf 



i )f4 

#11 I 

. • %i 

n 

n 




TTnito 



area P-7 riagraa 


r 


Square Inches 


■pring Constant 


s 


Pound# par inch 


i»*P 


r 


Indicated moan effective p reecura, pain 


IH? 


- 


Eorsepowar 


■f 


x 


Fuel flow, pound® por second 




a 


*ater flow, pound a por second 


ISFC 


s 


Indicated Specific Fuel Conauaption, Ib/hr 


IS.«C 


at 


Indicated ^pacific 'titer Gonowiipticn, Ib/hr 






ISLC 

% 



s Indicated Specific Liquid Coa^nption, 1 




Indicated ytisrwiX Efficiency 
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TABLE I 



Calibration of Fuel and ater Rotonoters 



Water Rotoneter Calibration 
3/14/46 T ° * 81 



Gasoline Rotoneter Calibration 
3/15/46 T° « 66 



Roto 


*t 


Tine 


Roto 


vt 


Tine 




Reading 


Gms 


Sec lbs/sec 


Reading 


Gna 


Sec 


lba/sec 


7*55 


10 


72.7 *000303 










8,1 


10 


64.35 .000348 


9.7 


20 


38.3 


.00115 


6.6 


10 


105.95 .000208 


8.95 


20 


43.4 


.001018 


7*1 


10 


94.3 ,000234 


8. 45 


20 


46 • 7 


.000943 


17*1 


20 


29.9 .001473 


7-85 


20 


50.4 


,000874 


H.95 


20 


39.0 ,00113 


7*25 


20 


55*8 


*000789 


12.8 


20 


53*8 .00082 


5*5 


20 


79.6 


.000553 


5*1 


10 


229*5 .000096 


5*9 


20 


71.9 


,000613 


15*9 


20 


34*8 .001268 


6.35 


20 


64.6 


,000681 


130 


20 


46 ,85 .00094 


6,8 


10 


29*6 


,000745 


10,1 


20 


82,95 .000532 


5*15 


10 


42*5 


,000519 


13*8 


20 


45*55 .000969 


3*65 


10 


66.2 


.000332 


11,05 


20 


70.25 .000625 


4*2 


10 


53*45 


.000412 


8.2 


10 


65,5 .000337 


10.4 


20 


35.5 


.001242 


8.75 


10 


56.75 .000389 


11.05 


20 


33*15 


.001329 


9*4 


10 


47.8 .000461 


11,45 


20 


29.8 


.00148 


5-65 


10 


151.2 ,000146 


11*8 


20 


29.55 


,001491 


5*8 


10 


141.65 *000156 


12.05 


20 


28,75 


.001535 


12.3 


20 


57*7 .000764 


4.4 


10 


50.35 


,000439 


11.1 


20 


70 . OOO63 


6.25 


10 


33.9 


.000651 


10.65 


20 


76,1 .000595 


6*7 


10 


31.65 


,000696 


9*6 


10 


56.25 .000392 


6<85 


10 


30.3 


.000729 


11,4 


20 


66.2 ,000666 


8*95 


20 


21.5 


,001026 


12,1 


20 


59.4 .000741 


9.45 


20 


19*6 


.001124 


7*1 


10 


96,65 .000228 


10.0 


20 


18,1 


.001218 


7*7 


10 


72.75 ,000303 


8,9 


20 


19.3 


.001022 


6.25 


10 


120.35 .000183 


11.4 


20 


15.75 


.0014 


13.65 


20 


45.3 .000973 


10,65 


20 


15*95 


,00138 


14*5 


20 


41*4 .001064 


8,05 


20 


24*5 


.0009 


15*5 


20 


36.1 ,00122 


7.6 


20 


26.1 


.000845 


13.3 


20 


47.7 .000925 


9.25 


20 


20.65 


.001065 


13*8 


20 


45*7 .000965 


10.3 


20 


17.8 


.001239 


13*65 


20 


45.6 ,000966 


9*75 


20 


19*3 


.001141 


13*3 


20 


49*05 .000900 


10.1 


20 


18. 3 


.0012 



- - 







r 




-J A- 1 














. 


• 




< uAli4». | 


’ 












. 




. 

a 




• J •. 


- 


• 








k/^ \a*- ’ 




• 


• 




«#o| 


4 




* • 






: 


1 r ' 4 1 










s 


A 










-V 


'.L r . 


v - 

• 




, 




* 




4 






< * 


. 






r. . 


•* 


k 




■* 






* 

4 


. >• >■ • - 


• • 




? - • 


v. 


4 




4 


k 




4 




. 






r 


«r 


► 


X 






1, V 


, , 




; \ 


♦ \ 




4 


• 


jr 


v*: 




c 




* 




♦ V 


1 <■ 

> * . V 


«k 




4* 


i « 




> * \ 


• . 


* j.\ 




♦ V 




* 




m 






% 




• 




* 


# ‘ r« 


• 




t 






* » 


l - * 


« V 


wi 






* 




* 








r ; 4 ( ■ ■ . 




J 


, - * \. 


;[ o ;• 


4 


yC 


* 


it 




♦ 


CfC/'O ■. 


.*i • 


4£ 


( • r 


. 


• 




4 






\ 4 f 




* 




* 


^ k) . • 4? 


♦ 




K 




Vf 


, * . 


i* iCk . 


• ii. 


n 


♦ 




• 




Ik 


\ 


V 


. ^ 


. 


♦c 


r ? 


♦ 




4 


-•X 


4 








. . 


* V 




v. » 




* 




♦ 






>1* * 


i » . 


c ■ ♦ 


V i 






« 




• 






0> 


. 


- 

V * 




* 


• 1 


♦ 




H 








: 


: 




« 


1 


I 




♦ 






\ 4 


•: *• 




ox 


« 


». 4.: 


* 










* 




• 4 ;». 








« 




4 






<1 ’ <• 


T 


« 




* 




• 




4 










% ♦ 












A 


w 








4 




* 


j r • 


• 




* 




S ‘ ! 


► - 


L ?. 


, 




* 




* 




• 




r 




- . • . 


c 

4 




f 




* 




4 






. 


< 


’ t 

t * 




» k 


• *£0<*h 


«r 




4 






4 


• * 


. ' 




0 


‘ J 


r 




* 








• 0 . 


. . 




t 




» 












: : 


V - 
4 


- 


* 

4 




r 

• 




>* 

• 






* 

« 


• 


, 




4 




♦ 




4 








.... 


; * 




,1V r. 

4 




4 




4 






\ 









#■ 



* 



- 20 - 



TABLE II 

Calibration of Hydraulic Scale 
Inches of Tercury vs, BffEP 



" H*. 


IMEP 


16,7 


98.0 


19.3 


107.6 


19.8 


114.8 


26.3 


139.2 


29.5 


149.6 
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FIG. 1. 

FRONT VIEW SHOWING GENERAL ARRANGEMENT 
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Fig. 9. 

Variation of length of 
water injection period 
with water flow. 
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Plot of I MSP vs. Water/Fuel ratio for 
varying F/A ratios at compression ratio of 6. 




Plot of IMiP vs. •Vater/Fuel ratio for 
varying F/A ratios at compression ratio 
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Plot of I MSP vs. Aater/Fuel ratio for varying 
F/a T8 1 1 os at compression ratio 7.4. Lines of 
constant Brake Specific Fuel Consumption and 

Brake Specific Liquid Consumption superimposed. 
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